Abstract: Magnetite, Fe 3 O 4, is a promising anode material for lithium ion batteries due to its high theoretical capacity (924 mA h g −1 ), high density, low cost and low toxicity. However, its application as high capacity anodes is still hampered by poor cycling performance. To stabilize the cycling performance of Fe 3 O 4 nanoparticles, composites comprising Fe 3 O 4 nanoparticles and graphene sheets (GS) were fabricated. The Fe 3 O 4 /GS composite disks of μm dimensions were prepared by electrostatic self-assembly between negatively charged graphene oxide (GO) sheets and positively charged Fe 3 O 4 -APTMS [Fe 3 O 4 grafted with (3-aminopropyl)trimethoxysilane (APTMS)] in an acidic solution (pH = 2) followed by in situ chemical reduction. Thus prepared Fe 3 O 4 /GS composite showed an excellent rate capability as well as much enhanced cycling stability compared with Fe 3 O 4 electrode. The superior electrochemical responses of Fe 3 O 4 /GS composite disks assure the advantages of: (1) electrostatic self-assembly between high storage-capacity materials with GO; and (2) incorporation of GS in the Fe 3 O 4 /GS composite for high capacity lithium-ion battery application.
Introduction
Lithium-ion batteries (LIBs) are being intensively pursued for the emerging large-scale applications in many electrified vehicles and energy storage system (ESS), etc. [1] [2] [3] . In commercial LIBs, graphitic carbon has long been used as the anode material since the first introduction of LIBs in 1991 due to its excellent cycling stability and relatively low cost. However, more advanced anode material that provides higher energy and power densities than graphitic carbon is required to meet the growing demands.
Nanostructures of iron oxides (α-Fe 2 O 3 and Fe 3 O 4 ) that store 6~8 Li ions per formula unit via electrochemical "conversion reaction" shown below have been extensively studied as potential high capacity anode materials [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . They have low toxicity and high intrinsic density (5.17 g cm −3 for Fe 3 O 4 vs. 2.16 g cm −3 for graphite), and are abundant. In spite of these highly appealing features, their use in LIB anodes is hampered by low electrical conductivity, and fast capacity fading due to severe aggregation of iron oxides particles and large volume changes inherent in the conversion reaction process [5, 8, 14] . Their hybridization with conductive matrices such as carbon is mostly adopted to resolve these problems. However, it is hard to get homogeneous dispersion of iron oxide nanostructures in carbon matrices. Rendering the high electrical conductivity of composites with post thermal-treatment of carbon precursors is also problematic issue due to the limited thermal stability of iron oxide nanostructures [5, 9] . Among many carbon matrices, graphene is regarded as the most attractive ones because of its unique properties such as superior electrical conductivity, high thermal and chemical stability, high mechanical ductility and large surface area. Hence, graphene has been successfully used to support metal oxides including iron oxide nanostructures by employing chemical co-precipitation or solvothermal processes [7, 8, 15, 16] [17] . The two Fe peaks with binding energies of 710.9 eV and 724.4 eV were attributed to Fe 2p3/2 and Fe 2p1/2 , respectively, for trivalent Fe in the Fe 3 O 4 . The C 1s spectra showed an intense peak at 284.6 eV due to the C-C bonds in GS with substantially low peak intensities assignable to the C-O moieties in pristine GO, supporting high degree of GO reduction with hydrazine [19] . The amount of Fe 3 O 4 in the composite was estimated to be 54.5 wt% by thermogravimetric analysis (TGA) profile shown in Figure 4a , for which mass loss below 200 °C was assumed to be adsorbed water. The scanning electron microscopy (SEM) image of Fe 3 O 4 /GS composites in Figure 4b , showed disk-shaped aggregates of 1-3 μm in size with thicknesses of 0.5-1 μm. The size of composite disks is comparable to that of pristine flake graphite used to prepare GO. The structure of Fe 3 O 4 /GS composite was further investigated by transmission electron microscopy (TEM). As shown in Figure 4c [9, 20, 21] . In the subsequent cycles, the obvious peak at 0.55 V was shifted to 0.6-0.7 V due to the polarization. In the first anodic scan, two broad peaks were recorded at 1. , respectively [8, 14, 21] . In the subsequent cycles, however, the peak at As shown in Figure 6 , the Fe 3 O 4 electrode exhibited very high discharge and charge capacities of 1478 mA h g in the first cycle, respectively, resulting in a coulombic efficiency (CE) of 64.2%. However, it lost most of its capacity after ten cycles and delivered less than 200 mA h g , respectively, corresponding to the CE of 59.9%. In the following cycles, the reversible discharge capacity was more than 600 mA h g , which was slightly larger than the one calculated with its theoretical capacity (924 mA h g −1 × 55.5% = 513 mA h g −1
) possibly due to the interfacial lithium storage [8, 22] . Open and filled symbols denote discharge and charge capacities, respectively.
The Fe 3 O 4 /GS also exhibited excellent rate performances, as shown in Figure 7 . On average, the capacity retentions at 500 mA g were about 78%, 61% and 57% of the capacity at 100 mA g 
Experimental Section

Synthesis of Fe 3 O 4 Nanoparticles and GO
Fe 3 O 4 nanoparticles were synthesized by the hydrothermal liquid-interface reaction in the literatures [8, 9] . In a 20 mL glass vial, Fe(NO 3 ) 3 ·9H 2 O (0.40 g) was dissolved in ethylene glycol (EG, 5 mL). The vial was placed into a 30 mL Teflon autoclave that contained 28% ammonia solution (5.3 mL). The autoclave was sealed and placed in a furnace. The furnace was heated to 180 °C for 12 h. After cooling, the powder was washed with ethanol by centrifugation and filtration for several times. GO was synthesized by the modified Hummers method with commercial flake graphite (230 U Grade, Asbury Carbons, Asbury, NJ, USA) [23] [24] [25] . The GO was diluted to make a ~6% w/w in water and was subjected to sonication to get an aqueous dispersion of GO sheets. , 125 mL, pH = 2) under stirring. After stirring for 1 h, a small amount of hydrazine solution (35 wt% in water) was added into the obtained dark brownish solution under stirring. The self-assembled composites were further reduced overnight at room temperature. The supernatant was decanted and resulting black dispersion was washed with distilled water for several times and dried at 80 °C overnight to obtain the Fe 3 O 4 /GS powder. For comparison, GS (rGO) sample was prepared by hydrazine reduction of GO.
Preparation of Fe 3 O 4 -APTMS and Fe 3 O 4 /GS Composite
Materials Characterization
FTIR spectra were collected on a Nicolet 380 spectrometer using wafers formed by mixing the sample (2-3 wt%) with KBr powder and then pelletized. The powder XRD patterns of samples were recorded on an Ultima IV, Rigaku model D/MAX-50 kV system (Cu-K α radiation, λ = 1.5418 Å). XPS was performed on a Thermo Electron Corporation spectrometer with an Al K α (1486.6 eV) radiation. The carbon content in Fe 3 O 4 /GS was determined by the weight loss in a TGA run to 800 °C at a ramping rate of 10 °C min 
Conclusions
